The aims of our study were to assess the release of cytotoxic nucleoside analogs 5-fluorouracil and 2-chloro-2¢-deoxyadenosine from different lactide-glycolide or lactide-caprolactone biodegradable copolymers and the effects of sterilization on this release. The polymers were sterilized either with ethylene oxide at 37°C, or with gamma radiation (15 kGy, 20 kGy, or 25 kGy). The kinetics of nucleoside release from the copolymers were measured over 50 days. Four copolymers exhibited relatively constant release of nucleosides in micromolar concentrations during the entire observation period. Sterilization with either ethylene oxide or gamma radiation only slightly influenced nucleoside release. Further development of these copolymers as an intracerebral nucleoside delivery system for local treatment of brain tumors is indicated.
cells have the ability to infiltrate brain areas of normal appearance, distant from tumor lesion, so that the entire tumor load can never be surgically removed. Furthermore, some neoplastic cells infiltrating distant brain areas may remain dormant for considerable periods of time and share characteristics of normal glial cells, before they begin to proliferate and give rise to tumor recurrence [2] . Some nucleoside analogs display in vitro cytotoxic or radiosensitizing activity toward many neoplasms, including malignant gliomas, although submicro-or micromolar concentrations are required [3] [4] [5] [6] [7] . These compounds seem to be particularily attractive for treatment of malignant gliomas because they preferentially target proliferating cells, and in the central nervous system neither neurons nor normal glial cells display substantial proliferative activity. Unfortunately, when administered peripherally, cytotoxic nucleosides produce systemic toxicity (most frequently bone marrow suppression) at doses far below those required for evoking clinical response.
Intracranial implantation of biodegradable copolymers for local delivery of chemotherapy or for tumor tissue radiosensitization is a promising strategy in the treatment of brain tumors, because it may allow establishing high and sustained concentration of a cytotoxic compound or a radiosensitizer intracerebrally, while peripheral cytotoxicity is avoided [8] . We have developed a series of lactide-caprolactone or lactide-glycolide copolymers loaded with cytotoxic nucleosides 5-fluorouracil (5FU), or cladribine (2-chloro-2¢-deoxyadenosine, 2CdA). In the present experiments we evaluate the kinetics of release of these nucleosides from the copolymers and compare the results obtained with the use of our experimental system described previously [9] with the in vitro method employed by others [10, 11] . Our aims were to select copolymers able to release the nucleoside with a sustained micromolar concentration for at least 6 weeks, and to assess the influence of sterilization on the kinetics of nucleoside release.
MATERIALS AND METHODS

Synthesis
of copolymers. Seven lactide-caprolactone or lactide-glycolide copolymers containing either 2CdA or 5FU were synthesized ( Table 1 ). The syntheses of random copolymers of lactide and glycolide (#1-3, 7) were performed in THF solution at 20°C, using butyl lithium or lithium t-butoxide as an initiator of the polymerization reaction [12] . The synthesis of the lactide and e-caprolactone block copolymer (#4) was conducted as described previously [13] . Random lactide-e-caprolactone copolymers (#5, 6) were obtained by bulk polymerization in the presence of zirconium (IV) acetyloacetonate at 100-150°C [14, 15] . The copolymers were precipitated with methanol and dried at 50°C under vacuum. Polymer films 0.1-0.3 mm thick were prepared from copolymer solutions in methylene chloride. The nucleosides were dissolved in dimethyl sulfoxide (Me 2 SO), added to the polymer solution and stirred. The mixture containing 2CdA or 5FU was cast on a glass plate and the solvent was evaporated at ambient temperature. The resultant film was then dried under reduced pressure and stored in a desiccator at room temperature. Copolymer compositions were obtained from 1 H-and 13 C-NMR spectroscopic data collected with a Varian Unity Inova spectrometer. The average molecular masses (m) were determined by liquid chromatography and gel permeation chromatography, and the nucleoside analog content by HPLC. Sterilization of copolymers. All copolymers were sterilized with ethylene oxide. Approximately 10´10 mm pieces of copolymer films were sterilized with ethylene oxide using a Steri-Vac 4XL 'cool cycle' (temp. 37°C for 5.5 h). Concurrently three copolymers -approximately 10´10 mm pieces of each copol- 206 T. Kryczka and others 2002 ymer film -were sterilized by g-irradiation with an RChM-gamma 20 60 Co (-ray source, using 15, 20 or 25 kGy. Sterilized and nonsterilized samples were tested for the presence of micro-organisms using the methodology recommended by the Polish Pharmaceutical Society [16] .
In vitro studies of nucleoside analogs release. The amount of the nucleoside in each of the copolymers was determined by dissolving copolymer film discs (previously weighted), approx. 5 mm in diameter, in 2 ml of Me 2 SO. The content of the nucleoside in the copolymer was then calculated from the result of the chromatographic assay.
To determine the kinetics of nucleoside release, similar copolymer film discs were placed in columns (length -3 cm, diameter -8 mm), immersed in 800 mg of glass beads, kept at 37°C and eluted every other day with 1 ml of artificial cerebrospinal fluid (aCSF), as described previously [9] (experimental system A). Concurrently, to assess the kinetics of nucleoside release with a different method, copolymer films were weighted and placed in separate glass bottles containing 2 ml of aCSF (experimental system B). The bottles were sealed and kept at 37°C in a water bath. Each day the bottles were opened and the fluid was removed with a pipette and replaced with fresh solution.
HPLC assays. Chromatographic assays were performed using a Merck Hitachi LaChrom HPLC System with Autosampler L-7250, Programmable Detector L-7420, Pump L-7100, Integrator D-7500 and 2504
.6 mm 5 µm Supelcosil C18 column. For 2CdA assay the mobile phase was 0.035 mM phosphate buffer containing 3% acetonitrile (adjusted to pH 3.0 using sodium hydroxide)/ methanol (84 : 16, v/v), the flow rate was 1 ml/min. For 5FU assay the mobile phase was 0.035 mM phosphate buffer containing 3% acetonitrile (adjusted to pH 3.0 using sodium hydroxide), the flow rate was 0.6 ml/min. UV detection was performed at 264 nm for 2CdA, 256 nm for 5FU, and the injection volume was 20 ml. Quantification of 2CdA and 5FU concentration in eluates was performed by the use of external standard calibration curves (prepared from the peak area ratios of freshly prepared standard solutions). Table 1 presents the properties of the copolymers. Figure 1 displays the nucleoside analogs release from the copolymers studied with experimental system A. Figure 2 shows the cumulative release of the nucleosides from these copolymers ( Fig. 2A) and the results obtained Vol. 49 Nucleoside analogs release from biodegradable copolymers 207 with two different experimental systems (Fig.  2B) . The effects of different methods of sterilization on nucleoside release are displayed in Fig. 3 .
RESULTS
DISCUSSION
As already mentioned in the introduction, normal brain cells (both glia and neurons) display almost no proliferative activity. Therefore, the increased uptake of nucleosides by proliferating malignant glioma cells should make cytotoxic nucleoside analogs attractive drugs for treatment of these tumors. This is difficult to achieve by systemic delivery, because a drug has to cross the remnants of the blood-brain barrier at the tumor side (known as the blood-tumor barrier). For example, 2CdA was active toward primary malignant glioma cultures [3] [4] [5] , but it failed to induce clinical response when administered intravenously [17] .
One of the most promising approaches to the treatment of malignant gliomas is the intracerebral delivery of cytotoxic and/or radiosensitizing drugs through implantation of biodegradable polymers. A recent report on the treatment of patients with malignant gliomas by surgical implantation of biodegradable copolymer microspheres containing 5FU confirmed the feasibility of local delivery of nucleoside analogs combined with radiation therapy for the treatment of brain tumors. In that study eight patients with newly diagnosed glioblastoma were treated with polymer microspheres loaded with 5FU implanted in the wall of the surgical bed after resection of tumor, and a modest, albeit significant increase of the median survival time was noted [8] .
In malignant gliomas only a fraction of cells (14-44 %) are dividing at any given time [18] . Therefore, to halt tumor recurrence effec- tively it may be necessary to deliver a nucleoside to the tumor bed in submicro-or micromolar concentrations for a prolonged time (weeks or even months). Within this time frame a drug not only will fully equilibrate across the more distant areas of the brain, but it may also have a chance to kill more dormant glioma cells as they enter the mitotic cycle. Biodegradable polymers, described by others, released cytotoxic or radiosensitizing nucleosides for up to three weeks [8, 19] . In our experimental system A four of the copolymers studied were able to release the nucleosides continuously for seven weeks, and micromolar concentrations of 5FU or 2CdA in eluates were detected. After seven weeks one of our copolymers (#6) has released about 90% of its 2CdA content, while the other three have released only approximately half of their nucleoside content. Furthermore, our method, assumed to approximate the intracerebral CSF flow, and the method used by others give very similar results (Fig. 2B) . It is probable that these copolymers will provide for continuous delivery of a cytotoxic nucleoside for up to 100 days. We have also evaluated two methods of sterilization of the copolymers. Sterilization with ethylene oxide is simple, but in some previous experiments we observed change of copolymer colour. Apparently ethylene oxide reacts with copolymer surface. Although this reaction appears to have no measurable effect on the kinetics of nucleoside release, in our opinion even minor changes in physical properties of the medical material used for implantation should be avoided. Therefore we favor g -radiation as the method of copolymer sterilization. Concentration in eluates, normalized to copolymer weight and plotted vs. time). Copolymer #3 is shown as an example.
